Vanadium-binding proteins, or Vanabins, have recently been isolated from the vanadium-rich ascidian, Ascidia sydneiensis samea. Recent reports indicate that Vanabin2 binds twenty V(IV) ions at pH 7.5, and that it has a novel bow-shaped conformation. However, the role of Vanabin2 in vanadium accumulation by the ascidian
Introduction
Several species of ascidians (sea squirts) accumulate high levels of vanadium in blood cells known as vanadocytes [1, 2] . The intracellular vanadium concentration can be as high as 350 mM, which is 10 7 times the concentration in seawater [3] . From the vanadocytes of the vanadium-rich ascidian, Ascidia sydneiensis samea, we recently isolated a number of proteins likely to be involved in vanadium accumulation [4] [5] [6] [7] [8] .
Among them, the vanadium-binding proteins known as Vanabins should play an important role in the accumulation and they include homologues of Vanabin1-4 and
VanabinP. These Vanabins are rich in lysine and arginine residues, and have conserved motifs described by the consensus sequence (C)-(X 2-5 )-(C). Three-dimensional structural analysis using nuclear magnetic resonance (NMR) [9] has shown that Vanabin2 has a novel, bow-shaped conformation consisting of four helices connected by nine disulfide bonds. The mechanism by which ascidians specifically accumulate metal ions is not yet well understood, but the inherent metal selectivity of Vanabins may play a role. In the present study, we examined selective metal binding to Vanabin2 to better understand this issue. Generally, metal ions compete with protons for binding to proteins under acidic conditions. Therefore, we evaluated selective metal binding to Vanabin2 at low pH, and we also examined the effect of low pH on the secondary structure of Vanabin2.
Electron paramagnetic resonance (EPR) studies have suggested that vanadium (IV)
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Materials and Methods
Cloning, expression, and purification of Vanabin2
Recombinant Vanabin2 was prepared as described previously [4] . To prepare a fusion protein of maltose binding protein (MBP) and Vanabin2, pMAL-c plasmid DNA containing the Vanabin2 coding region was introduced into E. coli strain TB1. Cells bearing the fusion protein-expressing plasmids were incubated at 37 °C for 16 h in LB medium containing 50 µg/ml ampicillin. To express the fusion protein, the culture was diluted with nine volumes of fresh LB medium, and the LB medium added 0.5 mM IPTG was grown at 37 °C for 6 h in LB medium. Cells were then harvested, suspended in lysis buffer (10 mM Na 2 HPO 4 , 30 mM NaCl, 10 mM EDTA, 10 mM EGTA, 0.25% Tween 20, 10 mM 2-mercaptoethanol, pH7.0) containing 4 M urea, and sonicated using a UH-150 ultrasonic homogenizer (SMT Company). The insoluble fraction was removed by centrifugation at 10,000 × g for 10 min at 4 °C.
The fusion protein was then purified from the soluble cellular fraction by amylose resin-column chromatography, according to the manufacturer's protocol (New England Biolabs 
Immobilized metal-ion affinity chromatography (IMAC)
IMAC on a polypropylene column (bed size, 1.5 cm × 3 cm) packed with Chelating Sepharose Fast Flow (Amersham Biosciences) was used qualitatively assess metal binding to Vanabin2. All buffer solutions were prepared using deionized water and ultrapure-grade reagents, and they were degassed for 10 min under vacuum before use. phosphate buffers included 100 mM NaCl, and the pH 4.5 buffer contained 200 mM NaCl.
Three ml of Vanabin2 solution (80-100 µg protein/ml) was applied onto the column, which was then washed thoroughly with equilibration buffer at a flow rate of 0.7 ml/min.
Protein fractions eluted from the column with equilibration buffer were designated as non-binding fractions. Elution buffers of pH 4.5, 5.5, or 6.5 consisting of 20 mM Na 2 HPO 4 , 500 mM NaCl, and 50 mM EDTA were used to release adsorbed proteins, which were designated as binding fractions. Each binding or non-binding fraction was concentrated by ultrafiltration to 3-ml, respectively. The concentrated fractions were subjected to SDS-PAGE on a 14% polyacrylamide gel.
Hummel-Dreyer method
The V(IV) and Cu(II) ion-binding ability of Vanabin2 was determined using the Hummel-Dreyer method [11] . Metal ions were mixed with iminodiacetic acid (IDA) at a Vanabin2 was then loaded onto the column and fractionated at a flow rate of 0.3 ml/min.
Protein concentrations of each fraction were determined as described above, and metal concentrations were measured using atomic absorption spectrometry (AAS;
SpectrAA-220Z; Varian Inc.). Dissociation constants and the maximum numbers of metal ions bound were determined from Scatchard plots of the data [12] .
Circular dichroism spectroscopy
Effects of V(IV) and Cu(II) ions and acidification on the secondary structure of Vanabin2 were examined using CD spectroscopy [13] . Prior to CD spectroscopy, the purity of Vanabin2 was confirmed with SDS-PAGE, and the protein concentration was 
Results
Metal-binding selectivity of Vanabin2
Selective metal binding to Vanabin2 was qualitatively examined using IMAC and column were lost, but binding to the V(IV), Fe(III), and Cu(II) columns was the same as it was at pH 6.5
Effect of acid pH on the V(IV) and Cu(II) ion-binding ability of Vanabin2
The Hummel-Dreyer method was used quantitatively to evaluate the affinities of Table 1 . These values were obtained from a Scatchard plot of the binding data (Figs. 2 and 3 ). . As shown in Table 1 , under more acidic conditions, K d values for both V(IV) and Cu(II) increased, although that for Cu(II) increased only slightly. Furthermore, the number of V(IV) ions, but not the number of Cu(II) ions, bound to Vanabin2 decreased (Table 1) .
Secondary structure of Vanabin2
Changes (Fig. 4A ), or at other molar ratios (data not shown). The CD spectra exhibited no significant pH dependence in the pH region 4.5-7.5
( Fig. 4B ), indicating that acidic conditions had no effect on secondary structure.
Discussion
The metal ions used in the present study were selected from the first-row transition (Fig. 2) . Thus, under acidic conditions, most V(IV) ions dissociated from Vanabin2, whereas Cu(II) ions remained bound.
We next assessed the effects of metal ion binding and acidic pH on the secondary structure of Vanabin2, using CD spectroscopy. No spectral changes were noted upon changes in pH or in the molar ratio of protein to metal-IDA complex (Fig. 4) , indicating that the dissociation of V(IV) ions at low pH is not attributable to gross secondary structural changes. The lack of spectral changes is consistent with previously reported NMR evidence that Vanabin2 has a stable conformation consisting of a bow-shaped structure with four α-helices connected by nine disulfide bonds [9] .
Iron ions are readily released from transferrin upon a decrease in pH [18, 19] , and a structural change accompanies this process [19, 20] . The release of metal ions from ions are coordinated by amine nitrogens [10] , and that V(IV) ions bind to a particular region of Vanabin2 where lysine and arginine are localized [9] . Whether Cu(II) ions behave similarly remains to be determined. On the other hand, ascidians are known to exclusively accumulate higher levels of V(IV) ions, not Cu(II) ions. Thus, they may select V(IV) ions during the accumulation process via selective metal ion transporters, ion-pumps, or selective membrane mechanisms that exclude Cu(II) ions. 18 20 Table 1   Table 2 
